Introduction
A bicuspid aortic valve (BAV) is the most common congenital heart defect. 1 -4 Most of the patients with BAV are asymptomatic and complications such as aortic dissection are rare in children, but symptoms may develop in adulthood. 5 An association between congenital BAV and aortic wall alterations such as aortic dilatation and dissection is well known. 6 -11 Aortic dilatation, even in individuals with normally functioning aortic valves, occurs at all levels of the aorta, but usually targets the ascending aorta. 12 However, the cause of the dilation of the ascending aorta in BAV remains unknown and is the topic of two opposing theories. 4, 13 The first theory argues that an inborn disorder of vascular connective tissue, formerly misleadingly named cystic media necrosis, 14 of the ascending aortic wall might be the reason for its weakness leading to dilation, dissection, or rupture. 4 A second theory favours altered haemodynamic forces on the aortic wall caused by the BAV causing a secondary disorder of vascular connective tissue leading to aortic dilation in individuals with BAV. 13 Complex flow patterns in the aorta can now be visualized non-invasively by four-dimensional (4D) cardiovascular magnetic resonance (CMR). Several studies showed a complex helical flow pattern in patients with BAV and aneurysm formation using 4D-CMR although the cause -effect relationship remains unclear because most of these patients had additional cardiovascular diseases such as coarctation of the aorta or Fallot's tetralogy. 15, 16 Force and direction of wall shear stress (WSS) can now be estimated at any level of the aortic vessel wall by using these 4D-CMR data sets. 17 -22 Therefore, the purpose of this study was to compare flow patterns and WSS in the ascending aorta in individuals without any other concomitant cardiovascular disease other than BAV or tricuspid aortic valve (TAV). We investigated in vivo flow patterns and WSS in the ascending aorta in two prospective ageand sex-matched groups with either BAV or TAV morphology by 4D-CMR.
Methods

Bicuspid aortic valve study group
Prospectively, 989 patients with the diagnosis BAV were identified in the hospital's database out of a total of 32 794 patients with congenital heart disease. Out of 989 selected patients, 18 individuals met the final inclusion criteria: age .7 years, no existing or past cardiovascular disease other than BAV, no arterial hypertension, no connective tissue disorders in the medical history or thorax deformations, no medication, a flow velocity through the aortic valve of ,2.5 m/s by echocardiography, no moderate or severe aortic valve regurgitation by echocardiography, a diameter of the ascending aorta ,4.5 cm in adults and ,2.2 cm/m 2 in children, no contraindications to CMR imaging. The inclusion criteria were chosen to form a homogeneous and strict study group of individuals with only BAV and as few confounding factors as possible effecting flow in the ascending aorta. We used the aforementioned cut-off values for aortic valve stenosis and regurgitation and the diameter of the ascending aorta as inclusion criteria because these values are considered as clinically significant in current guidelines. 4, 5, 23 Tricuspid aortic valve control group Eighteen healthy volunteers (eight females) were prospectively matched to the BAV study group to serve as the TAV control group. Valve morphology was evaluated and confirmed during the CMR study by cine studies. The TAV control group was matched by sex and age (+ 2 years).
Cardiovascular magnetic resonance
A standard cardiac 1.5 Tesla MRI scanner (MAGNETOM Avanto w , version software VB15, Siemens Healthcare, Erlangen, Germany) with a standard 12-channel body-coil was used for the CMR study.
Aortic valve morphology
Through the aortic valve a double-oblique orientated retrospectively ECG-triggered multi-phased steady-state free precession sequence was used for leaflet morphology (slice thickness of 4, 5, or 6 mm depending on the body weight, acquisition matrix 192 × 192, 25 phases/ cardiac cycle). Leaflet morphology was classified as previously described. 24 In brief, BAV type 1 was classified as fusion of the right and left coronary cusp, BAV type 2 as fusion of the right and noncoronary cusp. There was no case with fusion of the left and noncoronary cusp (BAV type 3).
Four-dimensional cardiovascular magnetic resonance
The aortic blood flow was visualized using a time-resolved threedimensional phase-contrast sequence with three-directional velocity encoding as previously described. 18 The flow-sensitive 4D sequence was triggered retrospectively by ECG. No contrast agent was used.
Respiration was compensated by navigator gating. All data were measured in a sagittal-oblique volume that included the entire left ventricular outflow tract as well as the ascending aorta, the aortic arch with the aortic branches and the thoracic descending aorta. The measurements yielded in a three-dimensional volume coverage with a spatial resolution of 2. w (The MathWorks, Natick, MA, USA) DICOM data from 4D-CMR were converted for further processing and data underwent semi-automated noise filtering and eddy-current correction. The noise filtering, eddycurrent correction, anti-aliasing, and deletion of static tissue were set to identical parameters in each case. For further enhancement of vascular regions with high flow and suppression of background signal, an additional time-independent phase-contrast-MR-angiography (PC-MRA) data set was generated by the squared sum of the individual 3D PC-MRA images ( Figure 1 ).
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Blood flow pattern
The generated data sets were further processed by EnSight w software package (EnSight w ; CEI, Apex, NC, USA) as previously described ( Figure 1) . 18, 19, 21, 22, 25, 26 Hereby, it was possible to generate 3D interactive anatomical images of the thoracic aorta. This allowed for 4D flow visualization with 3D streamlines and time-resolved 3D particle traces (EnLiten w ; CEI, Apex, NC, USA) ( Figure 2 ). For flow pattern evaluation, the display options of the visualized flow data were set to identical parameters in all cases.
All the 36 flow patterns in the ascending aorta of the 18 individuals of the BAV study group and of the 18 individuals of the TAV control group were graded in random order using a pre-defined grading scale in a blinded fashion by three investigators. The three investigators did not take part in visualization or processing of the data. Grade 0 was defined as linear flow in the ascending aorta, Grade 1 as a helical flow of ,1808, Grade 2 as a helical flow of 180 -3608, and Grade 3 as a helical flow of .3608 ( Figure 3 ). The number of observations by the three investigators for each grade of helical flow was added to a score.
Wall shear stress
WSS is a time-resolved three-dimensional force that was calculated from the 4D-CMR data set using a dedicated software tool based on Matlab w (The MathWorks, Natick, MA, USA) as previously described. 17 Three different WSS vectors were calculated: axial, cir- 
17,25
Orthogonal square 2D planes were manually positioned along the 3D data sets of the ascending aorta at pre-defined landmarks. These landmarks were the mid-ascending aorta at the level of the bifurcation of the main pulmonary artery (MPA level) and the distal ascending aorta at the level just before the branching of the brachiocephalic trunk (BCT level) (Figure 1) . The derived data from these planes encoded 4D-CMR data as well as 2D planar information of velocity and vessel wall parameters. WSS axial , WSS circ , and WSS mag at the vessel wall were calculated over one cardiac cycle for each vessel wall segment as previously described ( Figure 5 ).
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Statistical analysis
Data analysis was performed using StatView w (StatView w , SAS Institute, Cary, version 5.0.1). For statistical analysis, the Wilcoxon signed-rank test and the Mann-Whitney U test were used. A P-value ≤0.05 was considered to be significant.
Results
Bicuspid aortic valve study group
Eighteen individuals (eight females) with congenital BAV (without cardiovascular disease) were prospectively recruited for this study. Valve morphology was evaluated and confirmed during the CMR study by cine studies. These 18 individuals were median 25 (range 10 -44) years old, had a median body height of 177 (range 138-192) cm, a body weight of median 68 (range 30-94) kg, a systolic blood pressure of median 109 (range 98 -128) mmHg, a diastolic blood pressure of median 65 (range 46 -83) mmHg, a velocity through the aortic valve of median 1.4 m/s (range 1.1 -2.3), and a regurgitation fraction through the aortic valve of 1% (range 0-7%). The diameter of the ascending aorta was median 1.62 cm/m 2 (range 1.14-2.26 cm/m 2 ).
Tricuspid aortic valve study group There was no significant difference in sex, age, body height, body weight, systolic, or diastolic blood pressure between the two groups.
Aortic valve morphology
Evaluation of the BAV morphology yielded in two patterns. Thirteen of 18 patients (72%) with BAV were identified as BAV type 1 with fusion of the right and left coronary cusp, the remaining five (28%) as BAV type 2 with fusion of the right and non-coronary cusp.
Blood flow pattern
The analysis of the flow patterns in individuals with BAV and TAV showed a significant association between a helical flow and the presence of BAV. (Figure 2) The classification into the Grades 0 -3 according to the degree of abnormal helical flow patterns was significantly different in the matched pairs (P ¼ 0.0004). In the BAV group, 85% of the flow patterns were classified as Two individuals of the BAV type II showed left-handed helical flow patterns, the other three individuals with BAV type II, and all BAV type I individuals showed right-handed flow patterns.
Wall shear stress
Axial, circumferential, and WSS mag were significantly abnormal in the mid-ascending aorta at the level of the MPA in the BAV study group compared with the TAV control group (Figure 7) . Whereas WSS axial was significantly decreased in the BAV study group compared with the TAV control group, WSS circ and WSS mag were both significantly increased. In the distal ascending aorta at the level just before the branching of the BCT, only WSS circ was significantly increased in the BAV study group compared with the TAV control group. WSS axial and WSS mag were not altered ( Table 1) .
Discussion
This prospectively designed study showed significantly altered flow patterns and WSS in the ascending aorta of individuals with BAV compared with age-and sex-matched individuals with TAV. Eighty-five per cent of the individuals with BAV had a severe helical flow pattern in the ascending aorta. In contrast, 94% of the individuals with TAV had a laminar flow pattern and none had a highly severe helical flow pattern in the ascending aorta.
It is important to note, that none of the individuals in this study had moderate to severe aortic stenosis or moderate to severe aortic valve regurgitation or other cardiovascular disease.
This study shows that the cumulative net WSS (WSS mag ) and WSS circ were significantly increased in individuals with BAV compared with individuals with TAV in the mid-ascending aorta (MPA level). (Figure 7) On the other hand, WSS axial was significantly decreased in individuals with BAV compared with individuals with TAV at the mid-ascending aorta. These large significant alterations in WSS occurred at the mid-ascending aorta, the level where dilation in individuals with BAV mainly occurs. 27 Further downstream, in the distal ascending aorta (BCT level) we found the same findings, although less extreme. Putting the flow and WSS results together, we conclude, that in individuals with TAV predominant laminar flow leads to a predominant WSS axial , whereas WSS circ is usually nearly zero. In contrast, in individuals with BAV 
Figure 7
Wall shear stress in the ascending aorta. Boxplot graphs (Tukey): WSS axial , WSS circ , and WSS mag measured in the mid-ascending aorta at the level of the main pulmonary artery (MPA level; upper panels) and at the level of the distal ascending aorta just before the branching of the brachiocephalic trunk (BCT level; lower panels); WSS axial at the MPA level was significantly decreased in the BAV study group compared with the TAV control group. WSS axial at the BCT level showed no significant differences. WSS circ at MPA and at BCT level were significantly increased in the BAV study group compared with the TAV control group. WSS mag at the MPA level was significantly increased in the BAV study group compared with the TAV control group. WSS mag at the BCT level showed no significant differences.
predominant helical flow reduces WSS axial and causes a significantly higher WSS circ , resulting in increased cumulative net WSS (WSS mag ). These alterations may be the cause of aortic dilation in individuals with BAV. The influence of haemodynamic shear stress due to spatial and temporal alterations in shear forces on the endothelium has been described by others showing regionally different flow and arterial remodelling. The mechanical shear forces induced by the blood flow seem to play an important role in the process of vascular remodelling. 17, 28 Altered flow characteristics with regionally varying WSS has been demonstrated by Frydrychowicz et al. 21, 29 showing the correlation of WSS with the development of high-risk plaques in the carotid arteries and selected pathologies. Different shear forces act on the vessel wall. They may act along the axial and circumferential direction. The effective WSS has to be considered as a vector quantity from axial and circumferential components. 17, 30 Helical flow patterns have already been described in patients with BAV and additional cardiovascular disease such as aortic stenosis, aortic regurgitation, coarctation of the aorta, or tetralogy of Fallot. 16 In a retrospective evaluation of patients studied by 4D -CMR, Hope et al. 31 described asymmetrically distributed WSS in BAV and eccentric systolic blood flow, postulating increased haemodynamic burden in BAV as a risk for aneurysm formation in the ascending aorta. In a recently published study of Barker et al., 32 they described altered WSS in the ascending aorta in BAV disease, but most of the subjects in the BAV study population had aortic aneurysms or concomitant aortic stenosis or regurgitation. In this prospective study, it was possible to measure and calculate in vivo data of WSS in individuals with pure BAV disease by 4D-CMR. Therefore, we compared healthy individuals with BAV that were matched by age and sex with healthy control individuals with TAV. Very strict inclusion criteria ruled out any individual with an additional co-morbidity. A further strength of this study might be the matched-pair character, since such a homogeneous group has not been described so far.
A recent, well designed, study concluded that the risk of dilation, dissection, or rupture of the ascending aorta still cannot be estimated for individuals with BAV using established simple clinical criteria based on aortic diameters. 5 The authors furthermore demanded that 'research efforts should concentrate on ( . . . ) identifying nonsize markers for refining risk prediction of aortic dissection in these patients'. 5 We suggest that helical flow patterns and WSS circ in the ascending aorta might be such a non-size marker. Interestingly, 15% of the individuals with BAV in our study did not have helical flow patterns in the ascending aorta. It might be possible that these individuals may have a lower risk than the other 85% of the individuals with BAV in this study population. Follow-up studies may help to evaluate the course of aortic enlargement and the development of altered flow patterns during life. This might help to distinguish patients at risk for aortic dilatation. According to the leaflet morphology, it was remarkable that all of our evaluations of BAV type 2 showed a severe helical flow. These findings are consistent with a previously described distribution, evaluating different patterns of aortic elasticity, and aortic root shape comparing different BAV types. 33 It has been suggested that differences in a spatial distribution of the blood flow through the different valve patterns may lead to an inhomogeneous distribution of shear forces, resulting in differential gene expression and changes of the extra cellular matrix. 33 Different flow patterns may lead to altered distribution of WSS patterns and this may lead to changes of aortic wall properties. In this manner, BAV type 2 is commonly associated with more severe valve pathologies especially aortic valve stenosis. 34 We tried to distinguish important differences in the flow for these two phenotypes, but our study subgroups for BAV type 1 and 2 were too small to answer specific leaflet dependent questions in a statistically reliable way. An association between BAV and cystic media necrosis has been described based on observations in four cases. 35 In a case report of a father and a son, it was suggested that changes in the media of the vessels occur due to a developmental defect. 36 In contrast, cystic media necrosis may also occur as a secondary effect due to an ischaemic or distended aortic wall. 37, 38 Others did not find an association of BAV stenosis or regurgitation with aortic dilatation. 8 BAV, coarctation of the aorta, and TAV an increased incidence of cystic media necrosis was found in patients with BAV without an association with dilatation. 14 These groups concluded that their results support the theory of an underlying developmental defect. However, a missing association does not prove a competing theory. We found significantly altered flow pattern and WSS in individuals with BAV without aortic valve stenosis or regurgitation, aortic dilatation, or coarctation of the aorta. Therefore, in our view, there is a clear association of BAV and altered flow and WSS. Aortic dilation may be explained by the hypothesis that BAV generates a helical flow pattern in the ascending aorta and increases WSS with possible consecutive aortic wall remodelling.
The altered aortic wall properties may further lead to dilation. Whether these altered flow patterns and WSS lead to aortic dilation remains to be elucidated. A limitation of our study is that due to the study design we could not examine histological alterations in the aortic wall of these individuals.
In conclusion, despite a tremendous amount of studies about dilation in BAV, there is no proven evidence of an inborn tissue disorder leading to aortic dilation. In this prospective study, we could demonstrate pathological flow patterns and increased WSS in the ascending aorta in healthy BAV individuals without concomitant valvular lesions and with normal aortic diameters. Possibly, the characterization of blood flow patterns may help as a non-size marker to select and follow-up patients with BAV at risk for aortic dilation in future.
